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Abstract: We motivate a measurement of various ratios of W and Z cross sections
at the Large Hadron Collider (LHC) at large values of the boson transverse momentum
(pT & MW,Z). We study the dependence of predictions for these cross-section ratios on
the multiplicity of associated jets, the boson pT and the LHC centre-of-mass energy. We
present the flavour decomposition of the initial-state partons and an evaluation of the the-
oretical uncertainties. We show that the W+/W− ratio is sensitive to the up-quark to
down-quark ratio of parton distribution functions (PDFs), while other theoretical uncer-
tainties are negligible, meaning that a precise measurement of the W+/W− ratio at large
boson pT values could constrain the PDFs at larger momentum fractions x than the usual
inclusive W charge asymmetry. The W±/Z ratio is insensitive to PDFs and most other
theoretical uncertainties, other than possibly electroweak corrections, and a precise mea-
surement will therefore be useful in validating theoretical predictions needed in data-driven
methods, such as using W (→ `ν)+jets events to estimate the Z(→ νν¯)+jets background in
searches for new physics at the LHC. The differential W and Z cross sections themselves,
dσ/dpT , have the potential to constrain the gluon distribution, provided that theoreti-
cal uncertainties from higher-order QCD and electroweak corrections are brought under
control, such as by inclusion of anticipated next-to-next-to-leading order QCD corrections.
Keywords: QCD Phenomenology, Hadronic Colliders
ArXiv ePrint: 1304.2424
1Now at High Energy Physics Group, Blackett Laboratory, Imperial College, London, SW7 2BW, U.K.
2Now at Institute for Particle Physics Phenomenology, Durham University, Durham, DH1 3LE, U.K.
Open Access, c© The Authors.
Article funded by SCOAP3.
doi:10.1007/JHEP02(2014)025
J
H
E
P02(2014)025
Contents
1 Introduction 1
2 Estimating the Z(→ νν¯)+jets background to new physics 2
3 Flavour decomposition and dependence of ratios on jet multiplicity 4
3.1 Flavour decomposition of boson pT distributions 4
3.2 Dependence of ratios on jet multiplicity 6
4 Theoretical uncertainties in V+jet production 7
4.1 Higher-order QCD corrections 8
4.1.1 Boson pT distributions 8
4.1.2 Ratios of boson pT distributions 10
4.2 PDF dependence 15
4.2.1 Boson pT distributions 16
4.2.2 Ratios of boson pT distributions 17
4.2.3 Potential for PDF constraints 20
4.3 Higher-order electroweak corrections 22
5 Dependence of ratios on centre-of-mass energy 23
6 Conclusions 25
1 Introduction
The ATLAS and CMS experiments at the Large Hadron Collider (LHC) have now each
collected more than 20 fb−1 of data at a centre-of-mass energy of 8 TeV. Searches for new
physics beyond the Standard Model (SM) have all returned results that are consistent with
the SM and have ruled out a large parameter space of new physics scenarios. While the
LHC has now suspended its operation to prepare for the upgrade to 13 TeV, the data from
the 8 TeV run is still being analysed. Indeed, there is a lot of interesting physics that
can be done with this data, from testing novel analysis techniques and making precision
SM measurements to tuning and improving the Monte Carlo simulations in readiness for
the 13 TeV run. One of the priorities during the LHC shutdown will be to improve our
understanding of the SM processes that are backgrounds to new physics searches and hence
our sensitivity to new physics. A key ingredient to making theoretical predictions at hadron
colliders is the parton distribution functions (PDFs) of the proton (see ref. [1] for a recent
review), and knowledge of the PDFs can be improved using LHC data.
At the 7 TeV LHC, measurements have been made of W/Z inclusive (or differential
in rapidity) cross sections [2–6], the inclusive W charge asymmetry [2, 5, 7, 8], the W/Z
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transverse momentum (pT ) distributions [4, 9, 10] and the W/Z+jets process [11–16]. The
ratio of the W and Z cross sections with exactly one jet has been measured as a function
of the jet transverse momentum threshold [17]. Some preliminary measurements have also
been made at the 8 TeV LHC. However, no measurement has been made so far of the ratio
of W and Z (or W+ and W−) cross sections as a function of the boson pT . The main
goal of this paper is to motivate such a measurement as a constraint on the Z(→ νν¯)+jets
background to new physics searches and also on the PDFs of the proton.
These two applications require somewhat different theoretical tools, and hence the
optimal measurement enabling a constraint will also be slightly different. New physics
searches, typically in the region of high transverse momenta, pT ∼ O(0.1–10 TeV), require
calculations of W/Z production in association with multiple jets, usually obtained by merg-
ing predictions for different hard-parton multiplicities after matching to a parton shower.
Here, there are uncertainties from merging/matching prescriptions and tunable parame-
ters associated with the parton shower, in addition to the usual theoretical uncertainties
arising from fixed-order QCD calculations. Precise measurements can therefore be used to
validate these calculations. For the purposes of constraining the proton PDFs, these addi-
tional uncertainties can be avoided by considering only the inclusive boson pT distributions
without explicitly demanding jets. However, aiming to describe the whole pT range would
introduce undesirable extra uncertainties from the need to include pT -resummation (in the
low-pT region of pT  MW,Z) and from matching to the fixed-order calculation (in the
intermediate-pT region of pT . MW,Z). It is therefore preferable to restrict only to the
high-pT region of pT &MW,Z where the fixed-order calculations should be reliable without
invoking pT -resummation. Consequently, we will focus on only this high-pT region.
The content of this paper is as follows. In section 2 we review different methods
for estimating the Z(→ νν¯)+jets background in new physics searches at the LHC, and
we explain the utility of a precise measurement of the W/Z ratio at large boson pT . In
section 3 we explore how the W and Z cross sections as a function of boson pT depend
on the flavour of the initial-state partons and how the cross-section ratios depend on the
multiplicity of associated jets. In section 4 we carry out a detailed evaluation of theoretical
uncertainties, on both the differential cross sections (dσ/dpT ) and the cross-section ratios,
arising from higher-order QCD and electroweak corrections and the choice of PDF set. In
section 5 we compare predictions for the cross-section ratios at two LHC centre-of-mass
energies (8 TeV and 13 TeV). Finally, we conclude in section 6.
2 Estimating the Z(→ νν¯)+jets background to new physics
The production of a Z boson in association with jets and its subsequent decay to neutrinos
constitutes a major irreducible background in searches for new physics that involve missing
transverse energy. Searches for Supersymmetry (SUSY) where the lightest SUSY particle
is neutral and weakly interacting, Large Extra Dimensions where the graviton escapes into
the extra dimensions, and the direct production of dark matter candidates such as Weakly
Interacting Massive Particles, all give rise to the missing transverse energy signature. In
some searches, the Z(→ νν¯)+jets process can make up 70% or more of the total SM
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background [18–22]. To reduce uncertainties from higher-order corrections and Monte
Carlo modelling, the backgrounds are estimated using techniques that rely on data.
Three data-driven methods [23] have been used to estimate the Z(→ νν¯) background,
all of which exploit the similarities in the kinematic characteristics between Z(→ νν¯)+jets
and V+jets events, where V = Z(→ ``), γ, or W (→ `ν). The presence of new physics will
contribute to each of these three channels differently and it is therefore important to have
a cross-check of the background prediction. This also enables the predictions from various
methods to be combined to achieve greater precision. Searches for new physics that use at
least one of these methods to estimate the background can be found in refs. [18–22, 24–30].
The three methods are summarised below:
1. Z(→ ``)+jets. The fully reconstructable decay of a Z boson to dileptons is a ‘stan-
dard candle’ process for many analyses. It is conceptually the simplest method used
to derive the Z(→ νν¯)+jets background. The only theoretical input is the ratio of
branching fractions for (Z → ``)/(Z → νν¯), which is very well known, to within
0.3% [31]. However, the method has a large statistical uncertainty owing to limited
Z(→ ``)+jets statistics, in particular in the regions of phase space in which searches
for new physics are conducted.
2. γ+jets. The γ+jets channel has a significantly higher production rate than Z(→
``)+jets, but it pays a price for gauge boson substitution and relies on the theoretical
prediction of the γ/Z cross section. There has been considerable work on estimating
and reducing the QCD uncertainty on this theoretical ratio, which currently stands
at less than 10% [32–34].
3. W (→ `ν)+jets. This channel is again statistically more powerful than Z(→ ``)+jets
but with a non-negligible contribution from background processes such as tt¯. It also
incurs an additional systematic uncertainty from the substitution of a Z boson with
a W boson, which enters in the ratio of the W/Z cross sections in the regions of high
transverse momentum that are typical of searches.
In this paper, we concentrate on the last method. The W/Z ratio is a major theoretical
input and contributes as one of the largest systematic uncertainties on the determination
of the Z(→ νν¯)+jets background from W (→ `ν)+jet events. This is shown in ref. [19]
where it is the dominant source of uncertainty on the total background prediction in two of
the four search regions. It is assumed in ref. [19] that the ratio of the Z+jets and W+jets
cross sections is well modelled in the simulation and this is to an extent supported by the
measurement of the W/Z ratio as a function of the jet transverse momentum threshold [17].
The uncertainty on the ratio is evaluated by comparing the background prediction using
Z/W distributions from the generators alpgen [35] and sherpa [36]. The detailed study
of the theoretical uncertainties on this ratio presented in this paper will already be useful
input to the searches for new physics, to be supplemented by a future measurement of the
ratio by the LHC experiments.
In addition to Z(→ νν¯)+jets events, W+jet events in which the W decays leptonically
and the charged lepton is not reconstructed, thus mimicking missing transverse energy,
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are also backgrounds to searches for new physics. In many searches, this background is
estimated together with other processes in which a lepton is not reconstructed, such as
tt¯, by using a data control sample of single lepton+jet events [21, 25, 29]. However, in
the ATLAS and CMS monojet analyses [18, 19], the W → µν (and W → eν) control
sample is used to estimate only the background from W+jet events where the lepton is not
reconstructed. A complementary method to estimate this important background, which
accounts for roughly 30–50% of monojet events, could be to use a control sample of Z → ``
events, follow a similar procedure as in refs. [18, 19], and then correct for the difference in
the W and Z cross sections using the W/Z ratio. Hence, it adds a further motivation to
measure this ratio.
Searches for Supersymmetry typically define search regions using event variables such
as the 6HT, which is a vector sum of the jets above a certain pT threshold [26]. The boson pT
is numerically very close to the 6HT, thus making it a good choice of variable that represents
well the overall kinematics of the event. Hence, a study of the W/Z ratio as a function of
the boson pT should be applicable to a wide range of new physics searches. The boson pT
is also a good choice of variable for measurements intended to constrain PDFs, due to its
close correspondence to the kinematics of the initial-state partons.
3 Flavour decomposition and dependence of ratios on jet multiplicity
In this section we use the leading-order (LO) Monte Carlo event generator madgraph 5 [37]
to study the flavour decomposition of W± and Z0 production and the dependence of the
ratios on the number of jets, for the LHC at a centre-of-mass-energy of
√
s = 8 TeV. Sam-
ples of W±(→ `±ν)+n hard-partons and Z0(→ `+`−)+n hard-partons are produced using
madgraph for each of n ∈ {0, 1, 2, 3, 4}, with ppartonT > 10 GeV and |ηparton| < 5, matched
to pythia 6.42 [38] (tune Z2* [39]) using the mlm [40] shower matching prescription with
a matching threshold of 10 GeV. The Z0 process includes the effect of a virtual photon
(γ∗), therefore we restrict the invariant mass of the produced lepton-pair (`+`−) to the
region of the Z0 mass, M`+`− ∈ [60, 120] GeV. The CTEQ6L1 [41] PDFs are used and the
renormalisation and factorisation scales are set to µR = µF =
√
M2V +
∑
partons(p
parton
T )
2,
where MV is the mass of the vector boson. We then define inclusive N -jet multiplicity
subsamples, for N ∈ {0, 1, 2, 3, 4}, each with at least N jets selected according to the anti-
kT algorithm [42] with a distance parameter of R = 0.5, p
jet
T > 10 GeV and |ηjet| < 5.
The inclusive N = 0 samples therefore contain exact tree-level O(αns ) contributions from
each of n ∈ {0, 1, 2, 3, 4} hard-partons, together with additional radiation from the parton
shower. Note that jets can originate either from the madgraph hard-partons or from the
pythia parton shower, and we cannot distinguish the two sources of origin.
3.1 Flavour decomposition of boson pT distributions
In figure 1 we show the decomposition of the initial-state partons contributing to W+, W−,
W± (≡ W+ + W−) and Z0 production as a function of the boson pT , for the inclusive
samples with ≥ 0 jets. For clarity we only show the largest partonic contributions. The
very low pT region is dominated by the initial state ud¯ for W
+, u¯d for W− and uu¯ for
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Figure 1. Decomposition of the dominant initial-state partons contributing to (a) W+, (b) W−,
(c) W± and (d) Z0 production, as a function of the boson pT , as predicted by madgraph+pythia.
Z0 production. As the boson acquires transverse momentum, the dominant initial state
becomes gu for W+ and gd for W−, contributing to roughly 50% of the total W production,
and these remain dominant for the entire pT region studied. Note from figure 1(c,d) that
the sum W± ≡W+ +W− at large pT has a very similar flavour decomposition, dominated
by gu and gd configurations, as Z0. The precise details of figure 1 beyond these general
features may depend on the nature of the calculation, such as, for example, the inclusion
of higher-order corrections and the choice of factorisation scheme/scale. However, it can
be seen in figures 4 and 5 of ref. [43] that the dominance of the qg channel over the qq¯
channel at large pT is also found in a conventional next-to-leading order (NLO) calculation
in the MS factorisation scheme with a factorisation scale µF =
√
M2V + p
2
T . We have
produced the corresponding plots as in figure 1 for the other inclusive N -jet multiplicities,
N ∈ {1, 2, 3, 4}, and we find that the main components of the flavour decomposition are
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Figure 2. Ratios of (a) W+/W−, (b) W+/Z0, (c) W−/Z0 and (d) W±/Z0 for various inclusive
jet multiplicities: ≥ 0, ≥ 1, ≥ 2, ≥ 3 and ≥ 4, as predicted by madgraph+pythia.
very similar for different jet multiplicities. This observation demonstrates insensitivity to
higher-order corrections, given that, at large boson pT , the inclusive N -jet multiplicity
(N ≥ 2) may be considered as a real O(αN−1S ) correction to the inclusive 1-jet multiplicity.
In particular, the gg initial state, which first appears only with n ≥ 2 hard-partons, is
found to contribute at below the 5% level even for the higher jet multiplicities.
3.2 Dependence of ratios on jet multiplicity
In figure 2 we show the ratios of W+/W−, W+/Z0, W−/Z0 and W±/Z0 for the following
inclusive jet multiplicities: ≥ 0, ≥ 1, ≥ 2, ≥ 3 and≥ 4, as predicted by madgraph matched
to pythia as described above. We omit the region of boson pT < 30 GeV from the plots,
where the result is most influenced by the parton shower and depends on the pjetT > 10 GeV
selection. The dependence of the ratios on boson pT is not strongly dependent on the jet
multiplicity and, in particular, the differences between the ≥ 0 jet and ≥ 1 jet samples are
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very small. Each of the four ratios has an interesting dependence on boson pT , that can
be understood by considering the dominant initial-state parton configurations, namely gu
for W+ or Z0 and gd for W−. Then the W+/W− ratio reflects the u/d ratio of PDFs,
which increases going to larger boson pT as higher values of the momentum fraction x
are being probed. Conversely, the W−/Z0 ratio reflects the d/u ratio, and so decreases
with increasing boson pT . These two ratios (W
+/W− and W−/Z0) change by around 30%
in going from pT ∼ 50 GeV to pT ∼ 300 GeV, whereas the W+/Z0 ratio only changes by
around 10% and W±/Z0 changes by around 20%. The behaviour of the various W/Z ratios
at smaller pT values is driven by kinematic differences between W and Z production due to
the different boson masses, MW and MZ . These kinematic effects are most important for
boson pT .MW,Z , but then the ∼10% difference between MW and MZ becomes irrelevant
for pT  MW,Z . Taking appropriate limits to find the dominant behaviour of a simple
calculation for dσ/dpT given in eq. (28) of ref. [44] gives a factor in the W/Z ratios of
(M2Z + p
2
T )/(M
2
W + p
2
T ), which numerically takes a value of 1.2 at pT = 50 GeV, 1.1 at
pT = 100 GeV, and then rapidly approaches 1 for larger pT , in qualitative agreement with
the decrease with increasing pT of the W/Z ratios at smaller pT values observed in figure 2.
The limiting behaviour of the various W/Z ratios at very large pT MW,Z is then driven
by the PDF dependence, to be discussed further in section 4.2.2. The slight increase of
the W+/W− ratio at fixed pT with increasing jet multiplicity can be understood by the
fact that the typical partonic invariant masses (and hence the x values) increase with the
number of jets, and the u/d ratio increases with increasing x values.
As for the flavour decomposition in figure 1, the remarkable insensitivity of the ratios
in figure 2 to different jet multiplicities also demonstrates an insensitivity of the ratios to
higher-order QCD corrections, as we will examine in more detail in the next section in the
context of a fixed-order calculation. Our study of the theoretical uncertainties below is
carried out using mcfm [45] with V+ ≥ 1 jet but it is equally applicable to the inclusive
≥ 0 jet sample. In fact, we encourage the experimental measurement to be carried out in
the inclusive channel, where greater precision should be achievable without demanding the
presence of associated jets.
4 Theoretical uncertainties in V+jet production
Inclusive vector boson production including leptonic decay has been calculated at next-
to-next-to-leading order (NNLO) in perturbative QCD, that is, O(α2S) [46, 47]. However,
requiring large boson pT with either ≥ 0 or ≥ 1 jets means that at least one hard-parton
must be emitted, and so the lowest non-vanishing perturbative order is O(αS). The LO
calculation for the boson pT distribution at large pT is therefore a 2 → 2 process and
the NLO calculation is O(α2S) [48–50]. Note that at LO for the V+jet process, the boson
pT = p
jet
T , and so we expect that the pT distribution at large boson pT for the V+jet
process should be very similar to the result for inclusive V production (that is, without
explicitly demanding a jet). Therefore, our findings presented below apply equally to the pT
distributions at large boson pT for inclusive V production. We have checked explicitly that
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varying the minimum pjetT cut only affects NLO predictions for the boson pT distributions
if the boson pT is less than or very close to the minimum p
jet
T cut.
We use the mcfm (v6.4) code [45] for the V+jet process, where V ∈ {W+,W−, Z0},
including the appropriate leptonic decay of the vector boson: W+ → `+ν, W− → `−ν¯
or Z0 → `+`−. Jets are defined according to the anti-kT algorithm [42] with a distance
parameter of R = 0.5, pjetT > 10 GeV and |ηjet| < 5. As stated before for madgraph,
the Z0 process in mcfm includes the effect of a virtual photon (γ∗), therefore we re-
strict the invariant mass of the produced lepton-pair (`+`−) to the region of the Z0 mass,
M`+`− ∈ [60, 120] GeV. We make a dynamic choice for the central renormalisation and
factorisation scales, µR = µF = µ0 ≡
√
M2 + p2T , where M ∈ {M`+ν ,M`−ν¯ ,M`+`−} and
pT is the boson transverse momentum. To smooth statistical fluctuations, results are av-
eraged over a large number (∼ 100) of independent mcfm runs, each with different seeds
for the vegas integration. We do not investigate theoretical uncertainties due to more
realistic event simulation, such as inclusion of the underlying event (multiple interactions)
or hadronisation of the parton-level jets, but these effects should not be important at large
boson pT values, and they should largely cancel in cross-section ratios.
4.1 Higher-order QCD corrections
4.1.1 Boson pT distributions
In figure 3 we show the differential cross sections, dσ/dpT , as a function of the boson
pT , normalised to the central NLO prediction, for the LHC at a centre-of-mass-energy of√
s = 8 TeV. We show predictions at both LO (thinner lines) and NLO (thicker lines),
each for three scale choices µR = µF ∈ {µ0/2, µ0, 2µ0}. In all cases we use the best-fit
MSTW 2008 NLO PDF set [51] with the corresponding value of αS(M
2
Z). The four plots
in figure 3 correspond to (a) V = W+, (b) V = W−, (c) V = W± (≡ W+ + W−) and
(d) V = Z0. We concentrate on the region of large boson pT > 30 GeV to minimise the
impact of the pjetT > 10 GeV cut and the need to resum large logarithms of MV /pT (most
important for pT  MV ), either analytically or by matching to a parton shower. We see
from figure 3 that the scale dependence and the NLO/LO ratio are very similar for all four
observables. The scale uncertainty grows with increasing pT , reaching almost 20% at LO
and around 10% at NLO at the highest pT ∼ 300 GeV. It is interesting that the LO and
NLO scale uncertainty bands do not overlap, with the NLO/LO ratio growing from around
a factor 1.4 at pT ∼ 30 GeV to a factor 1.6 at pT ∼ 300 GeV. We have also investigated the
effect of taking µR 6= µF . We find that independently varying µR and µF by factors of two
relative to µ0 slightly increases the scale uncertainty bands only in the lowest two pT bins;
in all other pT bins the choice µR = µF provides the largest scale variation. Finally, taking
the central scale choice to be µR = µF = HT , the scalar sum of the transverse momenta
of all final state particles, gives very similar scale uncertainty bands as our default choice
µR = µF = µ0.
The relatively large NLO/LO ratio of ∼ 1.5 is indicative that as-yet-unknown NNLO
QCD corrections, that is, O(α3S), to the boson pT distributions could be substantial, pos-
sibly larger than the estimated scale uncertainty at NLO. The relevant two-loop QCD
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Figure 3. Differential cross sections, dσ/dpT , for the V+jet process as a function of boson pT ,
taking the ratio to the central NLO prediction, for (a) W+, (b) W−, (c) W± and (d) Z0.
helicity amplitudes have been computed for qq¯ → V g and qg → V q [52], and recently
also for gg → Zg [53]. An approximate method for estimating NNLO QCD corrections
to the Z+jet process is discussed in ref. [54], but it does not perform well for the Z pT
distribution. Resummation of threshold logarithms has been performed at next-to-next-to-
leading logarithmic accuracy [55–57], and recently even at next-to-next-to-next-to-leading
logarithmic accuracy [58], giving results consistent with the NLO predictions, but generally
with smaller theoretical uncertainties.
It has long been recognised (see, for example, refs. [59, 60]) that, in the low-pT region
where pT MV , the convergence of a fixed-order perturbative expansion in powers of αS
is spoiled by the presence of large logarithmic terms of the form lnn(M2V /p
2
T ), which must
be resummed to all orders in αS . The extent to which the inclusion of such resummed
terms changes the fixed-order prediction at pT > 30 GeV depends on the details of the
resummation formalism and, in particular, on the recipe used to join the two well-defined
regions of pT  MV (dominated by the resummed terms) and pT & MV (dominated by
the fixed-order terms). The popular resbos code [61] does not converge exactly to the
fixed-order prediction for very large pT MV , where it displays unphysical behaviour [62],
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and a switch must be made by hand between the resbos prediction and the fixed-order
prediction, for example, at the crossing point typically between pT = MV /2 and pT = MV .
A resummed calculation matched more carefully to the fixed-order result can be seen in
figure 3 of ref. [43], where the total prediction deviates substantially from the fixed-order
result only for very low pT < 15 GeV, while the deviation is small for pT ∼ 30–50 GeV
and completely negligible for higher pT values. Similar results can be seen in figure 1 of
ref. [63], where it is observed that the difference between the total prediction (including
resummation) and the fixed-order prediction reduces when increasing the perturbative or-
der, and is again small for pT ∼ 30–50 GeV. We note that the introduction of resummation
complicates the initial-state flavour decomposition, in that only the sum of qq¯ and qg con-
tributions is well-defined, and generally results in the PDFs being evaluated at multiple
factorisation scales. Clearly, in order to provide a meaningful PDF constraint using fixed-
order calculations, it is necessary to restrict to the pT &MV region where pT -resummation
should not play any roˆle. A cut of pT > 30 GeV is likely to be sufficient, but to be more
conservative a stronger cut could easily be imposed, such as pT > MV /2 or even pT > MV .
4.1.2 Ratios of boson pT distributions
In figure 4 we show the various cross-section ratios at LO and NLO with different scale
choices, exactly as in figure 3. The four plots correspond to (a) W+/W−, (b) W+/Z0,
(c) W−/Z0 and (d) W±/Z0 where W± ≡W+ +W−. Here, we are making the reasonable
assumption that scale variations are fully correlated between numerator and denominator
in the cross-section ratios. This assumption is easily justified from the similarity of the four
plots in figure 3, for example, in going from µ0 to 2µ0 (or to µ0/2) the four independent cross
sections decrease (or increase) by a very similar amount. More quantitatively, considering
pairs of cross sections, (A,B), for the three scale choices, µR = µF ∈ {µ0/2, µ0, 2µ0}, sepa-
rately at LO and NLO, we find that the correlation coefficient is essentially always greater
than +0.999 (indicating a very strong correlation) for each of the four pairs of cross sec-
tions, (A,B) ∈ {(W+,W−), (W+, Z0), (W−, Z0), (W±, Z0)}. Both the scale dependence
and the difference betweeen LO and NLO cancels almost completely in the W+/W− ratio,
with residual differences being smaller than the statistical fluctuations. The cancellation is
not quite as complete for the W+/Z0, W−/Z0 and W±/Z0 ratios, where the NLO predic-
tion generally lies about 1% above the LO prediction, but this should be compared with a
much larger NLO correction of ∼50% for the separate dσ/dpT distributions (see figure 3).
Of course, other central scale choices are possible apart from our default choice of
µR = µF = µ0 ≡
√
M2 + p2T , and we have investigated two alternative choices. Taking
µR = µF = HT gives results close to µR = µF = 2µ0, so that µR = µF = HT /2 would
give results very similar to µR = µF = µ0. Taking µR = µF = M is not sensible at
large boson pT values where it does not represent a typical hard scale of the process, and
leads to results for dσ/dpT larger at NLO by around 20% at pT = 300 GeV compared
to µR = µF = µ0. However, even with this unreasonable scale choice, the W
+/W−
ratio is completely consistent with the default prediction within the statistical fluctuations,
while the W+/Z0, W−/Z0 and W±/Z0 ratios are only 2% larger at pT = 300 GeV. The
insensitivity of the ratios to different scale choices is further evidence that the ratios are
very stable with respect to higher-order QCD corrections. Note that at very large boson pT
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Figure 4. Ratios of differential cross sections for the V+jet process as a function of boson pT , for
(a) W+/W−, (b) W+/Z0, (c) W−/Z0 and (d) W±/Z0, at LO and NLO for different scales.
values, pT  MV , then the boson mass MV becomes irrelevant and pT becomes the only
sensible scale choice. The boson pT distribution at very large pT is therefore effectively
a single-scale observable analogous to inclusive jet production, which is already used in
current global PDF fits, but with a cleaner final state from the leptonic decay of the vector
boson rather than the hadronic jets.
We have not attempted so far to impose realistic cuts on the leptonic decay prod-
ucts. However, to avoid additional theoretical uncertainties arising from extrapolating the
experimental data to the full phase space, it would be better to compare data and the-
ory within a common fiducial phase space. In figure 5 we show the effect of imposing
typical acceptance cuts on the charged-lepton pseudorapidity and transverse momentum
of |η`| < 2.5 and p`T > 20 GeV. These cuts reduce the Z0 → `+`− cross sections (with
two charged leptons) more than the W± → `±ν cross sections (with only one charged
lepton), with somewhat more effect on W+ than W−, hence the W+/W− ratio decreases
while the W+/Z0, W−/Z0 and W±/Z0 ratios all increase after these cuts are imposed.
In figure 5 we also show the effect of imposing additional cuts for the W → `ν decay,
used by ATLAS [17], on the missing transverse energy 6EνT> 25 GeV and transverse mass
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Figure 5. Ratios of differential cross sections for the V+jet process as a function of boson pT , for
(a) W+/W−, (b) W+/Z0, (c) W−/Z0 and (d) W±/Z0, at LO and NLO with typical kinematic
cuts imposed on the leptonic decay products.
M `νT =
√
2p`T 6EνT (1− cos ∆φ`ν) > 40 GeV, where ∆φ`ν is the azimuthal separation be-
tween the directions of the charged lepton and neutrino. These additional cuts further
reduce the W cross sections, now with somewhat more effect on W− than W+. The net
effect is that the W+/W− ratio is now very close to the result with no lepton cuts, while
the W+/Z0, W−/Z0 and W±/Z0 ratios are now reduced compared to the result with no
lepton cuts (as can also be seen by comparing the two plots in figure 4 of ref. [17]). How-
ever, although the numerical value of the cross-section ratios appears to be quite sensitive
to the precise lepton cuts imposed, the trend between LO and NLO is very similar, as is
the qualitative dependence on the boson pT . In the remainder of this paper, for simplicity
we do not impose cuts on the leptonic decay products, which will generally be different
for ATLAS and CMS, and for electrons and muons, hence the calculations will need to be
repeated with the precise cuts after the measurements are made. However, we expect our
findings regarding theoretical uncertainties not to be substantially altered when restricted
acceptance cuts are imposed (again, as can also be seen by comparing the two plots in
figure 4 of ref. [17]).
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Similar observations regarding perturbative stability have been made for the Z0/W+
and Z0/W− ratios computed at LO and NLO and plotted versus jet pT in the Z0 + 4
jets process [64]. Note that the gg channel is absent at LO for V + 1 jet, but present for
higher jet multiplicities. Predictions have been made at both LO and NLO for the Z0/W+
total cross-section ratio with up to 4 jets [64], for the W+/W− total cross-section ratio
with up to 4 jets [65], and recently also for the W+/W− total cross-section ratio with up
to 5 jets [66]. The difference between LO and NLO predictions for these ratios has some
dependence on the jet multiplicity, but is never more than a few percent. However, the
results in refs. [64–66] use LO PDFs (and αS) with the LO calculation and NLO PDFs
(and αS) with the NLO calculation. It is therefore difficult to isolate the genuine impact
of NLO corrections to the hard-scattering process from the impact of using different PDFs
(and αS) in the LO and NLO calculations. Recall that in figure 4 we use the same NLO
PDFs (and αS) in both the LO and NLO calculations.
The assumption that renormalisation and factorisation scale variations are fully cor-
related between numerator and denominator in a ratio of cross sections is almost always
made in the literature when considering two independent, but similar, processes. For ex-
ample, this assumption is made when considering the ratio of double-Higgs to single-Higgs
production [67, 68] or when extracting the strong coupling αS from the ratio of the inclusive
3-jet cross section to the inclusive 2-jet cross section [69]. Of course, assuming uncorrelated
scale variations would result in the ratio having a larger theoretical uncertainty than the
individual cross sections, hence removing a prime motivation for taking the ratio. In real-
ity, the degree of correlation will be somewhere in between these two extremes. However,
all available evidence, such as the similarity of the four plots in figure 3, the correlation
coefficients & 0.999, the stability of the ratios at LO and NLO for various scale choices,
and the very mild dependence of the ratios on jet multiplicity (see figure 2), indicates that
higher-order QCD corrections to W+, W− and Z0 production at large boson pT are very
similar, such that the assumption of fully-correlated scale variation is justified. Stability
of the ratios at NNLO (when known) would further justify this assumption. Despite the
different initial-state flavours and electroweak couplings to quarks involved in W+, W− and
Z0 production, the theory of QCD is flavour-blind meaning that gluons couple with equal
strength to all quark flavours, while the small kinematic difference due to the different W
and Z masses becomes irrelevant for pT MW,Z , all together explaining the similarity of
the higher-order QCD corrections.
An almost complete cancellation of correlated scale uncertainties in the (Z+N -
jet)/(γ+N -jet) ratios calculated at NLO, where N ∈ {2, 3}, was observed in refs. [32, 34],
where the theoretical QCD uncertainty was instead estimated by taking the difference be-
tween the ratios given by either the NLO fixed-order calculation or a LO matrix-element-
matched-to-parton-shower calculation (sherpa [36]). In principle, by comparing the mad-
graph+pythia predictions in figure 2 with the mcfm predictions in figure 4, we can
investigate the impact of including higher hard-parton multiplicities and matching to a
parton shower on the cross-section ratios. However, again this issue is complicated by a
different choice of PDFs (and the associated αS value), namely CTEQ6L1 PDFs [41] in
figure 2 and MSTW08 NLO PDFs [51] in figure 4. We therefore repeated the mcfm calcu-
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Figure 6. Comparison of ratios of (a) W+/W−, (b) W+/Z0, (c) W−/Z0 and (d) W±/Z0, as
predicted by madgraph+pythia and mcfm both using CTEQ6L1 PDFs.
lations using the CTEQ6L1 PDFs [41]. A consistent comparison is then shown in figure 6.
A remaining complication is that the mcfm predictions include exactly one jet at LO and
either one or two jets at NLO, whereas the madgraph sample was generated with up to
four hard-partons leading to jets, but the dependence of the cross-section ratios on jet mul-
tiplicity is anyway modest (see figure 2). We can then see that matching to a parton shower
has almost no impact on the W+/W− ratio, while it has a sizeable impact on the W+/Z0,
W−/Z0 and W±/Z0 ratios only for low boson pT . 50 GeV, but with still a few percent
difference at large boson pT values. Predictions from the two codes (madgraph+pythia
and mcfm at NLO) for the normalised dσ/dpT distributions can differ by up to 15%, but
the difference is similar for W and Z bosons and hence almost cancels in the ratio. We
have checked that varying the mlm matching threshold in madgraph+pythia by factors
of two from the default value of 10 GeV can have a significant effect of O(10%) on the boson
– 14 –
J
H
E
P02(2014)025
pT distributions (see also figure 20 of ref. [40]), but again this sensitivity largely cancels in
the cross-section ratios under the assumption that it is correlated between numerator and
denominator. We have also checked the dependence on the tunable parameters associated
with the pythia parton shower by switching to a so-called “power shower” [70]. This
option allows the pythia parton shower to populate the full phase space by taking the
starting scale of the pT -ordered shower to be
√
s rather than the default µF used in the
so-called “wimpy shower” [70], leading to harder boson pT distributions in the absence of
matching. However, in the presence of mlm matching, we find that the pT distributions at
large boson pT are almost unaffected by the different parton shower parameters. Similar
findings were previously observed in a study of gluino-pair and top-pair production; see
figure 3 of ref. [71]. Note that our use of madgraph+pythia is motivated by the fact
that it is a common tool used by the LHC experiments (in particular, by CMS) to estimate
the V+jets background in many analyses, and it is interesting to show that it gives sim-
ilar predictions for the cross-section ratios as a fixed-order calculation (mcfm). However,
clearly for precision applications such as PDF fitting, the use of a fixed-order calculation
is more appropriate, and hence we concentrate on mcfm predictions for the remainder of
this paper.
4.2 PDF dependence
To examine the dependence of the boson pT distributions, and the various cross-section
ratios, on the particular PDF choice, we run mcfm [45] at NLO with the central scale
choice µR = µF = µ0 and using the lhapdf (v5.8.8) interface [72] for four modern NLO
PDF sets: MSTW08 [51], CT10 [73], NNPDF2.3 [74] and ABM11 [75]. In each case we
store the histograms corresponding to the boson pT distributions for all members of a given
PDF set during a single mcfm run, allowing PDF uncertainties to be calculated accurately
without suffering from statistical fluctuations. However, sufficient statistics are needed to
distinguish the separate predictions from the four PDF sets, therefore again we average
results over a large number (∼ 100) of independent mcfm runs, each with different seeds
for the vegas integration.
It is instructive to first look at some different PDF flavours plotted versus x for the
four choices of NLO PDF set, taking the ratio to the MSTW08 value, shown in fig-
ure 7. We calculate PDF uncertainties at an estimated 68% confidence-level (C.L.) ac-
cording to the appropriate prescription of each group (see, for example, ref. [76]). The
corresponding values of the strong coupling associated with each PDF set are αS(M
2
Z) =
{0.1202, 0.1180, 0.1190, 0.1180} for MSTW08, CT10, NNPDF2.3 and ABM11, respectively.
The envelope of the MSTW08, CT10 and NNPDF2.3 predictions therefore implicitly in-
cludes an αS uncertainty of αS(M
2
Z) ≈ 0.119± 0.001. The PDF uncertainties for ABM11
implicitly include an αS uncertainty of αS(M
2
Z) = 0.1180± 0.0012 [75].
Reasons for differences between different PDF sets are complex and often not com-
pletely understood (see, for example, refs. [1, 77]). The most obvious feature of figure 7
is that the ABM11 gluon distribution is very different from the others for practically all
values of x. This feature is mainly due to the ABM11 fit not including Tevatron data on
jet production [78] and also due to the different treatment of heavy-quark contributions to
– 15 –
J
H
E
P02(2014)025
x
-310 -210 -110
R
at
io
 
w
.
r.
t. 
M
ST
W
08
0.9
0.92
0.94
0.96
0.98
1
1.02
1.04
1.06
1.08
1.1
g Gluon distribution at Q = 100 GeV
NLO PDF (68% C.L.)
MSTW08
CT10
NNPDF2.3
ABM11
(a) Gluon distribution
x
-310 -210 -110
R
at
io
 
w
.
r.
t. 
M
ST
W
08
0.9
0.92
0.94
0.96
0.98
1
1.02
1.04
1.06
1.08
1.1
u/d Ratio of up/down quark distributions at Q = 100 GeV
NLO PDF (68% C.L.)
MSTW08
CT10
NNPDF2.3
ABM11
(b) Ratio of up/down quark distributions
x
-310 -210 -110
R
at
io
 
w
.
r.
t. 
M
ST
W
08
0.9
0.92
0.94
0.96
0.98
1
1.02
1.04
1.06
1.08
1.1
d Down-quark distribution at Q = 100 GeV
NLO PDF (68% C.L.)
MSTW08
CT10
NNPDF2.3
ABM11
(c) Down-quark distribution
x
-310 -210 -110
R
at
io
 
w
.
r.
t. 
M
ST
W
08
0.9
0.92
0.94
0.96
0.98
1
1.02
1.04
1.06
1.08
1.1
u Up-quark distribution at Q = 100 GeV
NLO PDF (68% C.L.)
MSTW08
CT10
NNPDF2.3
ABM11
(d) Up-quark distribution
Figure 7. Different PDF flavours at a scale Q = 100 GeV versus x for four choices of PDF set,
taking the ratio to the MSTW08 value, for (a) the gluon distribution, (b) the ratio of the up-quark
to the down-quark distributions, (c) the down-quark distribution, and (d) the up-quark distribution.
structure functions in deep-inelastic scattering [79, 80]. The larger ABM11 gluon distribu-
tion at low x feeds through to the up- and down-quark distributions at low x via g → qq¯
splitting in the DGLAP evolution, but the difference mostly cancels in the up/down ra-
tio. The NNPDF2.3 gluon distribution is larger than that from MSTW08 and CT10 for
x ∼ 0.01–0.1, but the separate u and d quark distributions agree reasonably well for the
three groups. However, some slight differences are amplified in the u/d ratio shown in
figure 7(b). In particular, the MSTW08 u/d ratio is smaller than the others at x ∼ 0.01
and ABM11 is much larger than the others at x ∼ 0.1–0.4. We will see shortly that these
features directly influence predictions for the W± charge asymmetry at the LHC.
4.2.1 Boson pT distributions
In figure 8 we show the ratio of differential cross sections, dσ/dpT , with respect to the
MSTW08 prediction for the different PDF sets, for (a) V = W+, (b) V = W−, (c) V = W±
(≡ W+ +W−) and (d) V = Z0. The thinner horizontal lines on either side of the central
prediction in each pT bin represent the PDF uncertainties for each of the four choices of
– 16 –
J
H
E
P02(2014)025
  (GeV)
T
Boson p
50 100 150 200 250 300
R
at
io
 
w
.
r.
t. 
M
ST
W
08
0.85
0.9
0.95
1
1.05
1.1
1.15
+W
 = 8 TeVs) + jet at the LHC with  ν+ l→ (+W
MSTW08
CT10
NNPDF2.3
ABM11
2
T
+p2M =  
F
µ = 
R
µMCFM at NLO with 
(a) W+
  (GeV)
T
Boson p
50 100 150 200 250 300
R
at
io
 
w
.
r.
t. 
M
ST
W
08
0.85
0.9
0.95
1
1.05
1.1
1.15
-W
 = 8 TeVs) + jet at the LHC with  ν- l→ (-W
MSTW08
CT10
NNPDF2.3
ABM11
2
T
+p2M =  
F
µ = 
R
µMCFM at NLO with 
(b) W−
  (GeV)
T
Boson p
50 100 150 200 250 300
R
at
io
 
w
.
r.
t. 
M
ST
W
08
0.85
0.9
0.95
1
1.05
1.1
1.15
±W
 = 8 TeVs) + jet at the LHC with  ν± l→ (±W
MSTW08
CT10
NNPDF2.3
ABM11
2
T
+p2M =  
F
µ = 
R
µMCFM at NLO with 
(c) W±
  (GeV)
T
Boson p
50 100 150 200 250 300
R
at
io
 
w
.
r.
t. 
M
ST
W
08
0.85
0.9
0.95
1
1.05
1.1
1.15
0Z
 = 8 TeVs) + jet at the LHC with  -l+ l→ (0Z
MSTW08
CT10
NNPDF2.3
ABM11
2
T
+p2M =  
F
µ = 
R
µMCFM at NLO with 
(d) Z0
Figure 8. Differential cross sections, dσ/dpT , for the V+jet process as a function of boson pT ,
taking the ratio to the MSTW08 prediction. The thinner horizontal lines represent the PDF un-
certainties for four choices of PDF set: MSTW08, CT10, NNPDF2.3 and ABM11.
PDF set. The different trends between the W+ and W− predictions reflect the different
dominant parton configurations, gu and gd, respectively; see figure 1(a,b). The similarity
of the trends between the W± and Z0 predictions reflects the similarity of the initial-state
flavour decomposition; see figure 1(c,d). The very different ABM11 prediction compared
to the other PDF sets directly reflects the very different gluon distribution; see figure 7(a).
Precise measurements of the differential cross sections, dσ/dpT , could therefore potentially
constrain the gluon distribution, provided that experimental uncertainties are sufficiently
small. The current problem of large theoretical uncertainties, as discussed in section 4.1.1,
may be brought under control by the future availability of a NNLO calculation for V+jet
production.
4.2.2 Ratios of boson pT distributions
In figure 9 we show the cross-section ratios for different PDFs, and in figure 10 we show the
same results normalised to the MSTW08 predictions. It is clear that the W+/W− ratio
is the most sensitive to PDFs, with CT10 and NNPDF2.3 differing from the MSTW08
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Figure 9. Ratios of differential cross sections for the V+jet process as a function of boson pT . The
thinner horizontal lines represent the PDF uncertainties for four choices of PDF set.
prediction by up to a couple of percent. The difference between ABM11 and MSTW08
grows with increasing pT , from 5% to more than a 10% difference in the considered pT
range. In an attempt to understand the relevant x values being probed, in figure 11 we
show the correlation (see, for example, ref. [76]) for each of the four PDF sets between the
u/d ratio and the W+/W− ratio for the smallest and largest boson pT bins. Values close
to {+1, 0,−1} mean that the two quantities are {correlated, uncorrelated, anticorrelated},
respectively. The x range corresponding to a strong correlation becomes slightly narrower
and shifts to higher x values as the boson pT is increased, with the maximum correlation
being around x ∼ 0.1 in the lower pT bin and around x ∼ 0.2–0.3 in the higher pT bin,
with some dependence on the particular PDF set due to different choices made in the
various PDF fits (such as the rigidity of the input parameterisation and the data sets
included). Then we see that the trend between the different PDF sets for the W+/W−
ratio in figures 9(a) and 10(a) is a direct reflection of the u/d ratio in the corresponding x
region shown in figure 7(b).
A crude simplified argument helps to understand the behaviour of the PDF dependence
of the other cross-section ratios in figures 9 and 10. In terms of the dominant partonic
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Figure 10. Ratios of differential cross sections for the V+jet process as a function of boson pT ,
normalised to the MSTW08 predictions. The thinner horizontal lines represent the PDF uncertain-
ties.
configurations, we can write:
σ(W+ + jet) ∼ g u, σ(W− + jet) ∼ g d, σ(Z0 + jet) ∼ 0.29 g u+ 0.37 g d, (4.1)
where the numerical values in the last expression are the appropriate sums of the squares
of the vector and axial-vector couplings of the Z0 boson to quarks. Then whereas the
W+/W− ratio probes the u/d ratio, the W±/Z0 ratio behaves as:
σ(W+ + jet) + σ(W− + jet)
σ(Z0 + jet)
∼ u+ d
0.29u+ 0.37 d
, (4.2)
after cancelling the common factor of the gluon distribution in the numerator and de-
nominator. The combination of u- and d-quark contributions is therefore very similar for
W±+ jet and Z0 + jet, as already seen in figure 1(c,d), and so the PDF dependence almost
cancels entirely in the W±/Z0 ratio. Indeed, taking the envelope of the MSTW08, CT10
and NNPDF2.3 predictions in figure 10(d) gives a spread of less than 0.5%, while also in-
cluding ABM11 would give a spread of about 1%. The separate W+/Z0 and W−/Z0 ratios
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Figure 11. Correlation between ratio of u/d PDFs and ratio of (W++jet)/(W−+jet) production.
retain some sensitivity to the u/d ratio of PDFs, but not as much as the W+/W− ratio;
see figures 9 and 10. Similar arguments have been made to explain the PDF dependence
of the inclusive W± and Z0 cross sections in refs. [1, 76]. Note that by writing the W±/Z0
ratio (and the separate W+/Z0 and W−/Z0 ratios) given in eq. (4.2) as a function of the
u/d ratio, which increases with increasing x and hence with increasing pT , it is possible
to infer the limiting behaviour at very large pT  MW,Z . Then we find that the W±/Z0
ratio will very slowly increase (although it is almost constant) with increasing pT , while the
W+/Z0 ratio will increase a little more rapidly, and the W−/Z0 ratio will slightly decrease
with increasing pT .
4.2.3 Potential for PDF constraints
Perhaps the most discriminating data set to emerge so far from the LHC with respect to
providing a PDF constraint is the W±(→ `±ν) charge asymmetry measured as a function
of the charged-lepton pseudorapidity (η`), defined as:
A`(η`) =
dσ(`+)/dη` − dσ(`−)/dη`
dσ(`+)/dη` + dσ(`−)/dη`
. (4.3)
In figure 12 we show the CMS electron charge asymmetry data [8] compared to the pre-
dictions of the four NLO PDF sets. The NLO K-factors for dσ/dη` are derived using the
dynnlo code [47], as discussed in ref. [81] and used previously in ref. [82]. The goodness-
of-fit for the central prediction of each PDF set, χ2, is calculated simply by adding all
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Figure 12. Description of the CMS W → eνe charge asymmetry data [8] for four PDF sets.
experimental uncertainties in quadrature and is indicated in the legend of figure 12. The
worst description of the CMS data is given by the MSTW08 PDF set, particularly at cen-
tral pseudorapidity values, where the u/d ratio, or more precisely the uv − dv difference of
valence-quark distributions, is being probed at x ∼ MW /
√
s ∼ 0.01. Indeed, we already
saw from figure 7(b) that the u/d ratio from MSTW08 at x ∼ 0.01 lies well below the
values predicted by the other PDF groups. This discrepancy has been resolved by allowing
an extended Chebyshev parameterisation form for the fitted input PDFs and more flexible
deuteron corrections in a variant of the MSTW08 fit [82]. However, we note from figure 12
that the ABM11 prediction is much higher than the other PDF sets for |η`| & 2.5, beyond
the limit of the CMS data (although larger |η`| values can be measured by LHCb [5]).
This region is probing PDFs at large x that could instead be accessed by measuring the
W±(→ `±ν) charge asymmetry at large boson pT , as we have shown in section 4.2.2.
Therefore, measuring the W+/W− ratio as a function of boson pT provides complemen-
tary information on the u/d ratio to measuring as a function of η`. Another way to access
higher x values for the u/d ratio might be to measure the charge asymmetry of high-mass
virtual W±(→ `±ν) production, that is, in the region of M`ν > MW .
Note that the necessity to measure the W±(→ `±ν) charge asymmetry as a function
of the η` variable rather than the preferable W rapidity, which has a closer connection
to the initial parton kinematics, arises because the W rapidity cannot be unambiguously
reconstructed experimentally due to the unknown longitudinal momentum of the decay
neutrino. However, this problem does not arise when reconstructing the W pT .
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In principle, measuring W+, W− and Z0 differential cross sections, dσ/dpT , and pre-
senting all information on correlated systematic uncertainties, would implicitly include
information on cross-section ratios, as done by ATLAS for inclusive V production [2].
However, if directly including the dσ/dpT observables in a PDF fit, the issue of how to
consistently account for possibly large theoretical uncertainties due to electroweak and
missing NNLO QCD corrections would need to be addressed. Therefore, at the present
time it is better to measure cross-section ratios explicitly, taking account of all correlations
between systematic uncertainties during the experimental measurement.
The u/d ratio at larger values of x can also be probed via the inclusive W±(→ `±ν)
asymmetry at the lower centre-of-mass energy (
√
s = 1.96 TeV) of the Tevatron pp¯ collider.
However, there have been some problems with the consistency of the existing Tevatron data,
particularly when the data are split into bins of the charged-lepton transverse momentum,
p`T (see, for example, refs. [83, 84]).
Using the W+/W− ratio at large boson pT to probe the u/d ratio at large x has the
advantage that it is independent of deuteron corrections currently needed for structure
functions measured in deep-inelastic scattering from old fixed-target experiments [80, 82].
The W+/W− ratio measured as a function of boson pT could therefore be an important
ingredient in a future PDF fit using only ‘collider’ data, or only HERA and LHC data,
excluding data from the older fixed-target experiments.
Although the inclusive W±/Z0 ratio is insensitive to PDF uncertainties arising from
up- and down-quark distributions, in a similar way to the (W± + jet)/(Z0 + jet) ratio, a
sensitivity to the strange-quark PDF has been observed [85]. This sensitivity arises from
the different combinations s¯ c→ W+ and s c¯→ W− compared to s s¯→ Z0 and c c¯→ Z0,
and hence also dependence on the charm-quark PDF can be probed [86]. But for V+jet
production, the dependence on the strange-quark (and charm-quark) PDF cancels more
completely in the W±/Z0 ratio, because the dominant initial-state combinations are the
same, namely g s¯ → W+ c¯, g c → W+ s, g s → W− c and g c¯ → W− s¯, compared to
g s¯ → Z0 s¯, g c → Z0 c, g s → Z0 s and g c¯ → Z0 c¯. Moreover, configurations involving
initial-state strange and charm quarks are a much smaller contribution to the total for
V+jet production compared to inclusive V production. To directly probe the strange
(and charm) contents of the proton, the V+charm process can be studied [87–89], where
the dominant LO processes are g s¯ → W+ c¯, g s → W− c, g c → Z0 c and g c¯ → Z0 c¯.
Then the same cross-section ratios can be measured as in the present study (W+/W−,
W+/Z0, W−/Z0 and W±/Z0), but in the presence of a charm-tagged jet, and also ratios
like (V + charm)/(V + jet). Results are available from ATLAS [88] and CMS [89] for the
W + charm cross section and the (W+ + c¯)/(W− + c) ratio measured as a function of the
pseudorapidity η` of the charged-lepton from the W decay. It would be interesting to also
measure these ratios as a function of the boson pT to probe the PDFs at larger x values.
4.3 Higher-order electroweak corrections
Higher-order electroweak corrections to the boson pT distributions have been calculated
for on-shell Z0 [90–92] and W± [93–95] bosons, and also for off-shell W± [96] and Z0 [97]
bosons, in the latter case taking into account the leptonic decays and finite-width effects.
These corrections can reach up to a few tens of percent at very large jet/boson pT , due to
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large virtual electroweak Sudakov logarithms of sˆ/M2V , where
√
sˆ is the partonic centre-
of-mass energy; see, for example, figure 9 (middle-left) of ref. [96] for W+(→ `+ν)+jet
production or figure 6 (middle-left) of ref. [97] for Z0(→ `+`−)+jet production. The elec-
troweak corrections are similar for W± and Z0 production, and hence will largely cancel
in the cross-section ratios. While the electroweak corrections cancel almost completely
in the W+/W− ratio (see figure 10 of ref. [95]), the effect of electroweak corrections can
still decrease the W+/Z0 and W−/Z0 ratios (and hence the W±/Z0 ratio) by 4% at bo-
son pT = 1 TeV and by 7% at boson pT = 2 TeV at the 14 TeV LHC (see figure 11 of
ref. [95]), although the shift will be smaller for the lower pT values in the present study.
Moreover, these shifts are still smaller than the electroweak corrections to the γ/Z0 ratio,
which is increased by 13% at boson pT = 1 TeV and by 22% at boson pT = 2 TeV at
the 14 TeV LHC (see figure 7 of ref. [98]), and this is a sizeable contribution to the total
theoretical uncertainty when the γ+jets process is used to estimate the Z0(→ νν¯)+jets
background [34]. Note that for sufficiently inclusive measurements, the real emission of
soft electroweak bosons may partially cancel the effect of the virtual electroweak Sudakov
logarithms [99, 100]. The extent of this cancellation would need to be studied for realistic
experimental cuts appropriate to the measurement, and taking into account whether dibo-
son production is considered to be a background to the measurement. In ref. [34] it was
found that after imposing typical cuts used in new physics searches, the real electroweak
corrections from emission of an extra W or Z boson had a negligible effect (1% or less)
on the γ/Z0 ratio. Similar findings might be expected for the effect of real electroweak
corrections on the W±/Z0 ratio with typical cuts used in new physics searches.
In addition to the dominant electroweak corrections to the V+jet process arising
from the Sudakov logarithms mentioned above, there are of course corrections needed
for electroweak radiation off the final-state decay leptons, which will clearly be different
for W± → `±ν (with only one charged lepton) compared to Z0 → `+`− (with two charged
leptons), and hence will modify the W±/Z0 ratio. In existing measurements of the boson
pT distributions [4, 9, 10], the data are generally corrected for QED final-state radiation,
with a systematic uncertainty assigned to the correction procedure. However, the ATLAS
measurements [9, 10] are also presented without correcting for QED final-state radiation,
then it would be possible to compare to calculations which include these effects explic-
itly [96, 97]. The numerical size of these QED corrections to the normalised differential
cross sections is typically only a few percent at large boson pT values [9, 10].
5 Dependence of ratios on centre-of-mass energy
In figure 13 we show the cross-section ratios at an LHC centre-of-mass energy of 13 TeV,
normalised to the corresponding ratios at 8 TeV, as predicted by mcfm [45] at NLO using
the best-fit MSTW 2008 NLO PDF set [51]. Increasing the LHC centre-of-mass energy will
allow measurements of boson pT distributions, and their ratios, to be made at higher values
of the boson pT . Recall that the two momentum fractions probed in the PDFs satisfy
x1 x2 = sˆ/s, where
√
sˆ and
√
s are the partonic and hadronic centre-of-mass energies,
respectively, and so typical x values are given by x ∼√sˆ/s. Therefore, increasing √s from
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Figure 13. Cross-section ratios for the V+jet process as a function of boson pT with
√
s = 13 TeV,
normalised to the result at
√
s = 8 TeV, for (a) W+/W−, (b) W+/Z0, (c) W−/Z0 and (d) W±/Z0.
8 TeV to 13 TeV with a fixed value of the boson pT decreases the typical x values by a factor
of 13/8. The u/d ratio of PDFs is smaller at lower x values, therefore the W+/W− and
W+/Z0 ratios are smaller at 13 TeV than at 8 TeV, while the W−/Z0 ratio is larger. The
W+/W− ratio is most sensitive to PDFs and so is affected the most, while the W±/Z0
ratio is least affected, decreasing by only 2% independent of boson pT . We expect our
conclusions regarding the theoretical uncertainties on cross-section ratios at
√
s = 8 TeV to
be valid also at
√
s = 13 TeV. In particular, the relative size of the electroweak corrections
has been found to hardly differ when the centre-of-mass energy is varied [97].
Ratios of various observables measured at different centre-of-mass energies have
been studied in detail in ref. [101]. Note in particular that the double ratio of
(W+/W−)13/(W+/W−)8 measured as a function of boson pT may provide further con-
straints on the u/d ratio of PDFs, while the double ratio (W±/Z0)13/(W±/Z0)8 is likely
to have almost no theoretical SM uncertainty and hence may be sensitive at large boson
pT values to potential beyond-the-SM contributions.
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6 Conclusions
We have presented a detailed study of the dependence of various ratios of W+, W− and Z0
cross sections as a function of the boson transverse momentum (pT ), and we have shown
how these ratios depend on the multiplicity of associated jets and the LHC centre-of-mass
energy. We have evaluated the theoretical uncertainties from higher-order QCD corrections,
including renormalisation/factorisation scale variation and dependence on matching to a
parton shower, together with the choice of PDFs and associated value of αS(M
2
Z), and we
have discussed the potential impact of higher-order electroweak corrections. We focused on
the region of large boson pT & MW,Z where fixed-order calculations are sufficient without
the need to resum large logarithms of MW,Z/pT (most important for pT MW,Z). We find
the uncertainties from higher-order QCD corrections for all cross-section ratios to be below
a few percent. This conclusion is supported by multiple evidence, such as the similarity of
a fixed-order calculation at LO and NLO, the insensitivity to renormalisation/factorisation
scale variation (assumed to be correlated between numerator and denominator), the sta-
bility of the ratios to different jet multiplicities, and the comparison between a fixed-order
calculation (mcfm) with a multiparton tree-level calculation matched to a parton shower
(madgraph+pythia).
The uncertainty from choice of PDFs almost completely cancels in the ratio of W±/Z0
which is most relevant for determining the Z(→ νν¯)+jets background from W (→ `ν)+jets
events. We estimate that the W±/Z0 ratio as a function of the boson pT has a total
theoretical QCD uncertainty of less than 5%, where this estimate mainly comes from a
comparison of madgraph+pythia with mcfm (see figure 6). More detailed studies would
be useful to check this estimate, for example, by imposing realistic experimental cuts and
using NLO calculations for large jet multiplicities, preferably with matching to a parton
shower. Alternative methods to estimate the Z(→ νν¯)+jets background carry a large
statistical uncertainty in the case of Z(→ ``)+jets, and larger theoretical QCD uncertainty
in the case of γ+jets (within 10% [32–34]), making the W+jets method competitive and
complementary. In particular, the use of γ+jets involves larger uncertainties due mainly
to the massless photon compared to the massive Z boson, but also due to the different
composition of initial-state up- and down-quark contributions, together with complications
arising from the need to impose photon isolation criteria and the potential inclusion of
contributions from parton-to-photon fragmentation. The largest theoretical uncertainty
on the W±/Z0 ratio may be due to higher-order electroweak corrections, which can reach
up to several percent for the W+/Z0 and W−/Z0 ratios for very large boson pT > 1 TeV
at the 14 TeV LHC [95], but again these corrections are much smaller than for the γ/Z0
ratio [98]. A precise measurement of the W±/Z0 ratio would validate the theoretical
predictions and would also be a good consistency check of the SM. Assuming that the
theoretical uncertainties are smaller than the statistical uncertainty, any deviations from
the SM predictions may indicate the presence of new physics (see, for example, refs. [102–
104]).
We also showed that the W+/W− ratio at large boson pT may be used to constrain
PDFs by probing the up-quark to down-quark (u/d) ratio at larger x values than the
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usual inclusive W charge asymmetry. Since the other theoretical uncertainties on this
ratio are negligible, including those from higher-order electroweak corrections which almost
completely cancel [95], a measurement of this ratio as a function of the boson pT could
provide complementary information on PDFs to those from the old fixed-target experiments
and thus be an important ingredient in a future PDF fit using only ‘collider’ data, or
only HERA and LHC data. The boson pT distributions themselves, dσ/dpT , have the
potential to constrain the gluon distribution, provided that theoretical uncertainties are
brought under control by inclusion of higher-order electroweak and anticipated NNLO
QCD corrections. With the currently available NLO QCD corrections where the scale
uncertainties are O(10%), one needs to go to very large boson pT & 1 TeV before the
current global PDF uncertainties overwhelm the scale uncertainties, although the PDF
sensitivity can be enhanced by moving from central to forward rapidity [43]. Moreover, we
showed in figure 8 that predictions using the ABM11 PDF set can deviate from predictions
using the current global PDF sets (MSTW08, CT10, NNPDF2.3) by more than 10% even
for pT ∈ [30, 300] GeV. With a reduction in the scale uncertainties expected from NNLO
QCD corrections, W and Z production at large boson pT could potentially provide a
cleaner constraint on the gluon distribution than either inclusive jet production or top-pair
production, including in the crucial region of x ∼ MH/
√
s most relevant for Higgs boson
production via gluon-gluon fusion [1].
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